The photoelectron angular distribution from the resonant two-photon ionization of He by femtosecond extreme-ultraviolet pulses dramatically varies with pulse width, due to changing competition between resonant and nonresonant ionization paths.
Introduction
Intense extreme ultraviolet (EUV) sources such as EUV free-electron lasers (e.g., SCSS, FLASH, and FERMI) and high-harmonic generation has enabled two-photon ionization (TPI) of He [1, 2] . The He atom is important, since its simple electronic structure allows for a detailed theoretical analysis [3] , in great contrast to alkali atoms. In this contribution, we theoretically study the photoelectron angular distribution (PAD) from TPI of He by fs EUV pulses, based on the time-dependent perturbation theory and simulations with the full-dimensional two-electron time-dependent Schrödinger equation (TDSE). In particular, we focus on the competition between the resonant ionization path (via resonant levels) and nonresonant path (via nonresonant intermediate levels). Our results show that the competition leads to the relative phase between the S and D wave packets distinct from the corresponding scattering phase shift difference and can be controlled by the pulse width [4] .
Relative phase between the S and D wave packets
Let us consider the process where a linearly-polarized laser pulse with a central frequency ω and a pulse envelope f (t) promotes an atomic electron from an initial state |i to a final continuum state | f through two-photon absorption. If we take a Gaussian profile f (t) = E 0 e −t 2 /2T 2 (E 0 and T are the field amplitude and the pulse width, respectively), and for the case of ω f = ω i + 2ω (ω m is the energy eigen value of state m), the complex amplitude c f of the final state after the pulse can be written as,
where µ mn denotes the dipole transition matrix element between states m and n, ∆ m = ω m − (ω i + ω), and the sum runs over all the intermediate states m. F(x) denotes Dawson's integral. The first and second terms correspond to the resonant and nonresonant paths, respectively. While either term dominates for a relatively long pulse (ps and ns), the two terms are comparative for ultrashort (∼ a few fs) pulses and that their relative importance arg c f varies with T . In such a situation, the amplitude ratio c S /c D between the final S and D continuum states is complex. While the actual outgoing wave packets involve the contribution from the final states with ω f = ω i + 2ω, it is instructive to write arg c S /c D using Eq. (1) as follows:
with a f = (µ f r µ ri ) −1 ∑ m( =r) µ f m µ mi /∆ m . Hence, the competition between the resonant and nonresonant paths affects the interference between the S and D wave packets and manifests itself in the photoelectron angular distribution (PAD). The PAD is given by I(θ ) ∝ [1 + β 2 P 2 (cos θ ) + β 4 P 4 (cos θ )], where θ is the angle between the laser polarization and the electron velocity vector. The anisotropy parameters β 2 and β 4 can be described by,
where W = |c S /c D | and δ = δ 0 − δ 2 . The apparent phase shift difference δ = δ sc + δ ex consists of a part δ sc intrinsic to the continuum eigen wave functions (scattering phase shift difference) and the extra contribution δ ex = arg c S /c D from the competition of the two paths. This situation present a contrast to the case of the photoionization from photo-excited states [5] , where the nonresonant path is absent and only δ sc is present (δ = δ sc ).
Numerical Results
We now verify this qualitative idea, using direct numerical solution of the TDSE [3] . The pulse-width dependence of δ and W forhω = 21.2 eV andhω = 21.3 eV close to the 1s2p resonance (21.22 eV) is shown in Fig. 1 . As expected, both δ and W substantially changes with pulse width, especially when the pulse is shorter than 10 fs. Accordingly, the PAD also varies as shown in Fig. 2 . One finds that the distribution to the direction perpendicular to the laser polarization, i.e., θ ≈ 90 • , 270 • decreases as the pulse is shortened. This can be understood as follows: roughly speaking, δ changes from ∼ π 2 to ∼ π as T 1/2 varies from 21 fs to 500 as. Thus, c s /c d is approximately real and negative in the short-pulse limit, which leads to the cancellation between Y 00 (θ , ϕ) and Y 20 (θ , ϕ) around θ = π 2 . The results in Fig. 1 can well be described by Eq. (2) (solid lines in Fig. 1 ), except for δ in the ultrashort pulse regime T 1/2 1 fs, where the spectrum becomes broader than the level spacing.
In summary, the state-of-the-art ultrashort EUV pulses are suitable to probe and control the competition of the resonant and nonresonant paths. 
